Maternal malnutrition during pregnancy, both deficiency and excess, induces changes in the intrauterine environment and the metabolic status of the offspring, playing a key role in the growth, status of fitness/obesity and appearance of metabolic disorders during postnatal life. There is increasing evidence that these effects may not be only limited to the first generation of descendants, the offspring directly exposed to metabolic challenges, but to subsequent generations. This study evaluated, in a swine model of obesity/leptin resistance, the existence and extent of transgenerational developmental programming effects. Pre-and postnatal development, adiposity and metabolic features were assessed in the second generation of piglets, descendant of sows exposed to either undernutrition or overnutrition during pregnancy. The results indicated that these piglets exhibited early-postnatal increases in adiposity and disturbances in lipid profiles compatible with the early prodrome of metabolic syndrome, with liver tissue also displaying evidence of paediatric liver disease. These features indicative of early-life metabolic disorders were more evident in the males that were descended from overfed grandmothers and during the transition from milk to solid feeding. Thus, this study provides evidence supporting transgenerational developmental programming and supports the necessity for the development of strategies for avoiding the current epidemics of childhood overweight and obesity.
mismatching with genetic background (Kong et al. 2013) . In agreement with this theory, people from developing countries are characterised by intrinsic ethnic features, being descended from ancestors adapted to food scarcity and therefore having developed an adaptive thrifty phenotype for surviving in scarce food environment. However, in contrast, they are currently exposed to excess nutrients, mostly in the form of highly caloric obesogenic diets.
The most worrying aspect of the current increase in obesity and comorbidities is that the highest prevalence is found in young and middle-aged populations (Shaw et al. 2010) , with individuals of childbearing age therefore being affected. In obese women, the achievement of pregnancy is usually compromised: in the event of pregnancy, changes in the maternal physiological status may induce changes in the intrauterine environment in which the foetus evolves. Currently, the concept of the Developmental Origin of Health and Disease (Gluckman & Hanson 2004) proposes that changes in the intrauterine environment modify the metabolic status of the foetus, and thereby prenatal programming, play a key role in juvenile growth, in life-time fitness/obesity and in the probability of appearance of metabolic disorders during postnatal life. In consequence, metabolic disorders may be inherited in the first generation of descendants.
The effects of metabolic disorders may persist through multiple generations, due to two different mechanisms. First, by persistence of the exposure to nutritional/metabolic challenges that causes prenatal programming (Dabelea & Crume 2011 , Drake & Seckl 2011 ; therefore, by perpetuating the effects of prenatal programming during multiple generations (multigenerational exposure). Second, by transgenerational inheritance of the developmental programming effects (Gallou-Kabani & Junien 2005 , Daxinger & Whitelaw 2010 , Dunn et al. 2011 , which occurs by either genomic or epigenetic mechanisms (intergenerational or transgenerational inheritance), without exposure of the descendants to nutritional/metabolic challenges.
The current knowledge of these effects in human medicine is mostly based on results from observational studies, because interventional studies in humans are obviously limited by ethical issues. Thus, there is a necessity for robust and reliable animal models. The most amenable large-animal model for obesity studies is the pig (proportional organ sizes, omnivorous habits, similar lipoprotein metabolism and propensity to sedentary behaviour and obesity; Douglas 1972 , Houpt et al. 1979 , Spurlock & Gabler 2008 . Specifically, there is a swine breed, the Iberian pig, which is a well-recognised translational model for studies on obesity and associated diseases in humans .
The Iberian pig faces conditions similar to those than previously cited for humans living in developing countries; i.e. a background of exposure to harsh environments and food scarcity and an adaptive thrifty genotype giving way to obesity in the event of food excess. In fact, the Iberian pigs are homozygous for a leptin receptor gene polymorphism (Ovilo et al. 2010) with effects on food intake, body weight and fat deposition (Ovilo et al. 2005 , Muñoz et al. 2009 ). In consequence, although Iberian pigs are characterised by a high leptin secretion related to the adiposity level (Fernandez-Figares et al. 2007) , increases in leptin secretion when obesity occurs are not able to act correctly as an appetite regulator, limiting food intake, in a similar way to human studies (Torres-Rovira et al. 2013 ). On the other hand, the LEPR polymorphism increases not only insatiability but also lipogenic activity (Morales et al. 2002) , contributing to thrifty genotype and obesity in a similar way to the syndrome of leptin resistance described in humans.
The exposure of pregnant Iberian sows to undernutrition or overnutrition induces higher body corpulence and adiposity, development of metabolic syndrome and the prodrome of type-2 diabetes in the first generation of descendants (Barbero et al. 2013) . The objective of this study was to determine the existence and characteristics of transgenerational prenatal programming in the Iberian breed by assessing the phenotype of the second generation of descendants.
Material and methods

Animals and management
The study was carried out according to the Spanish Policy for Animal Protection RD1201/05, which meets the European Union Directive 86/609 about the protection of animals used in research. The experiment was specifically assessed and approved (report CEEA 2010/003) by the Instituto Nacional de Investigació n y Tecnología Agraria y Alimentaria (INIA) Committee of Ethics in Animal Research, which is the named Institutional Animal Care and Use Committee (IACUC) of the INIA. The animals used in this trial were housed at the INIA Animal Laboratory Unit (Madrid, Spain), which meets the local, national and European requirements for Scientific Procedure Establishments.
The experiment involved a total of 92 Iberian piglets. Three experimental groups (CONTROL, OVERFED and UNDERFED) were formed accordingly to the nutritional level to which the grandmothers of these piglets were exposed during the pregnancy from which the mothers of the piglets were born. All the grandmothers had similar body weight, backfat depth and number of parities (two to four) but, nonetheless, were pair-matched among groups; mean body weight and backfat depth were 150.7G6.4 kg and 2.5G0.2 cm, 157.5G6.3 kg and 2.6G0.2 cm and 158.2G6.5 kg and 2.5G0.4 cm for CONTROL, OVERFED and UNDERFED groups respectively. The CONTROL group (nZ42 piglets, 24 males and 18 females) included descendants from grandmothers fed with a standard grain-based diet (13.0% crude protein, 2.8% fat and 3.00 Mcal/kg of metabolisable energy) for fulfilling their daily maintenance requirements for pregnancy. The second and third groups were the grandchildren of females fed, during the entire pregnancy, with the same diet, but fulfilling either 160% (OVERFED group, nZ29 piglets, 11 males and 18 females) or 50% (UNDERFED group, nZ21, 11 males and ten females) of daily maintenance requirements for gestation, therefore, exposing the preimplantational embryos and the subsequent foetuses of both groups (i.e. the mothers of the studied piglets) to prenatal programming by either nutritional excess or deficiency. All the mothers of the future piglets of this study were maintained under similar conditions during their postnatal development. At 10 months of age, all of them were inseminated with semen from the same Iberian boar after estrus synchronisation with altrenogest (Regumate, MSD, Boxmeer, The Netherlands). The mean body weight and backfat depth at artificial insemination were similar in all the animals, with a mean of 153.7G 2.3 kg and 3.3G0.3 cm, 154.6G1.7 kg and 2.3G0.2 cm and 150.7G3.9 kg and 2.5G0.4 cm for CONTROL, OVER-FED and UNDERFED groups respectively. After that, all the females were fed, during pregnancy, with the same diet described previously for fulfilling daily maintenance requirements of gestation (i.e. control diet). Thus, at the end of gestation (100 days of pregnancy), mean body weight and backfat depth remained similar in all the mothers (176.2G2.9 kg and 2.9G0.1 cm, 178.0G2.6 kg and 2.8G0.2 cm and 177.1G6.6 kg and 2.7G0.1 cm for CONTROL, OVERFED and UNDERFED groups respectively).
The assessment of offspring development was carried out during both the prenatal (from day 50 of pregnancy to delivery) and the early-postnatal period (from birth to weaning at 28 days of age). At weaning, piglets were killed for evaluation of possible differences in organ development, metabolic features, adiposity and fat composition. All the measurements were made without previous knowledge of the treatment groups.
Evaluation of offspring prenatal development
Evaluation of changes in phenotypic parameters of the developing embryos/foetuses was made at three points over time: 50, 75 and 90 days of pregnancy. Foetal development was determined by measuring trunk diameter and head size (biparietal diameter and occipitonasal length) by ultrasonography. Observations were made with a SonoSite S-Series ultrasound machine equipped with a multifrequency (2-5 MHz) sectorial array probe (SonoSite, Inc., Bothell, WA, USA). For viewing the uterine horns and conceptuses in transverse, frontal or sagittal planes, ultrasound scans were performed by placing the transducer on one abdominal flank and moving it to the opposite flank. After identifying the image of the foetuses, the probe was slowly moved over each conceptus for obtaining the largest sections of its vesicle, head and trunk. Scans were recorded, using the machine's cine-loop option. After that, the size of the structures of interest (trunk diameter and head biparietal diameter and occipito-nasal length) was measured with built-in electronic calipers on the cine-loop recordings. To avoid distortions resulting from the corpulence of an individual embryo/foetus, measurements were taken from all the conceptuses observed at each scanning.
Evaluation of offspring early-postnatal development
At birth, all the piglets were sexed and each was identified with a number. Immediately, the same measurements performed by ultrasonography (trunk diameter and head size biparietal diameter and occipito-nasal length) were assessed with a hand caliper. At the same time, weight and body length and thoracic and abdominal circumferences (TC and AC) were measured. The number of piglets was made equal in each litter by fostering within the same experimental group and, after that, the piglets remained with mothers in individual pens until weaning. The weight, body length and TC and AC of the piglets were assessed again at the age of 21 days (the usual date for weaning piglets under intensive conditions, when solid feeding is usually introduced) and at 28 days old (when weaning is performed in to traditional management of Iberian sows).
The data obtained for weights at birth and 21 and 28 days of age were used for determining average daily weight gain (ADWG), at two periods (0-21 and 21-28 days), by using the formula:
Final weight ðkgÞKinitial weight ðkgÞ Number of days :
Data obtained from body weight and size were used for determining two formulae for calculating BMI at each age-point.
The first formula (BMI1) was extrapolated from human clinical studies:
Weight ðkgÞ=length ðmÞ 2 :
The second formula (BMI2) takes into account the trunk volume and, thus, incorporates the values of TC and AC, respectively, indicative of the amount of total, visceral and subcutaneous fat in swine (Witczak et al. 2005 , Dyson et al. 2006 , Christoffersen et al. 2007 :
:
Morphometric evaluation and sampling of offspring at weaning At day 28, the piglets were sedated with CO 2 and, after blood sampling by puncture of the vena cava cranealis with 5 ml sterile heparin vacuum tubes (Vacutainer Systems Europe; Becton Dickinson, Meylan Cedex, France), killed by i.v. injection of T-61 (MSD AH). Blood samples were centrifuged at 1500 g for 15 min and the plasma was separated and stored in polypropylene vials at K20 8C until assayed for determination of parameters related to metabolism of glucose and lipids. Immediately, the weight of the head, carcass and main organs (brain, heart, liver, intestine, kidneys and adrenal glands) was assessed; the weight ratios among each organ and body and total viscera were calculated afterwards, at that moment, a section of liver tissue was obtained and kept frozen at K80 8C for histological studies. Simultaneously, samples for analysis of subcutaneous adiposity and fat composition were obtained at the level of the head of the last rib, comprising from skin to loin. Fat depth was measured with a ruler and samples were vacuum-packaged in individual bags and stored at K20 8C until analysed.
Analysis of metabolic features
Parameters related to metabolism of lipids (triglycerides, total cholesterol, HDL-C and LDL-C)) were measured with a clinical chemistry analyser (Saturno 300 plus, Crony Instruments s.r.l., Rome, Italy). Parameters related to metabolism of glucose (glucose and insulin) were measured with the same analyser for glucose (Saturno 300 plus) and with a Porcine Insulin ELISA kit (Mercodia AB, Uppsala, Sweden). The assay sensitivity was 0.26 UI/l; the intra-assay variation coefficient was 3.5%.
Analysis of fat composition
Intramuscular fat was obtained according to the method developed by Marmer & Maxwell (1981) from longissimus dorsi muscle samples. Fat extracts were methylated in the presence of sulphuric acid and analysed according to Rey et al. (1997) using a gas chromatograph (Model HP6890; Hewlett Packard Co., Avondale, PA, USA) and a 30 m! 0.32 mm!0.25 mm cross-linked polyethylene glycol capillary column (Hewlett Packard Innowax). A temperature programme of 170-245 8C was used. The injector and detector were maintained at 250 8C. The carrier gas (helium) flow rate was 2 ml/min. From individual FA percentages, the saturated FA (SFA), monounsaturated FA (MUFA) and polyunsaturated FA (PUFA) proportions were calculated. SFA is the result of C10:0CC12:0CC14:0C C15:0CC16:0CC17:0CC18:0CC20:0. MUFA is the result of C15:1CC16:1n-9CC17:1CC18:1n-9CC18:1n-7 CC20:1. PUFA is the result of C18:2n-6CC18:3n-3C C18:4n-3CC20:3n-9CC20:4n-6. Finally, the desaturation index (DI) is the ratio of MUFA to SFA.
Analysis of liver histology
The samples of liver tissue were fixed in 4% paraformaldehyde for 4 h and processed for conventional histology, being embedded in paraffin and sectioned at 4 mm. These slides were stained with haematoxylin-eosin, and the characteristics of the tissue were assessed in a blinded fashion by an experienced pathologist (J G). The presence and severity of the histological features of steatohepatitis (steatosis, inflammation and/or ballooning injury) were based on the scoring system developed by Kleiner et al. (2005) .
Statistical analyses
Data were analysed using SPSS 19.0 (IBM, New York, NY, USA). The effects of the diet of the grandmother during pregnancy on body weight, organ development, fat content, and metabolic and histopathological features of the grandchildren were assessed by the ANOVA or by a Kruskall-Wallis test if a Levene's test showed nonhomogeneous variables; a Duncan post-hoc test was performed to contrast the differences among groups. The analysis also included sex of the grandchildren. The effects of the maternal diet on the phenotype of embryos, foetuses, newborns and later growing piglets were also tested by within-litter split-plot ANOVA for avoiding the effects of litter size and individual effects from the sows. Statistical analysis of results expressed as percentages was performed after arc-sine transformation of the values for each individual percentage. Results were expressed as the meanGS.E.M. and statistical significance was defined as P!0.05.
Results
Patterns of prenatal development
In all the groups, the size of the conceptuses increased significantly over time of pregnancy (P!0.0001; Fig. 1 ). There were no significant differences among groups in head measurements (biparietal diameter and occipitosnout length) throughout pregnancy. However, the trunk diameter was always significantly larger in foetuses from the OVERFED and UNDERFED groups than in foetuses of the CONTROL group (P!0.001 for both), without significant differences between them.
Patterns of early-postnatal development
At birth, trunk diameter and therefore TC continued to be similar in piglets of the OVERFED and UNDERFED groups and larger in both groups than in newborn piglets of the CONTROL group (P!0.05). In the same way, trunk length was also similar in newborn piglets of the OVERFED and UNDERFED groups and larger in these groups than in piglets of the CONTROL group (P!0.0005). Thus, as a result, trunk volume was larger in piglets of the OVERFED and UNDERFED groups than in piglets of the CONTROL group (P!0.05; Fig. 2 ). However, there were no significant differences among the three groups in the birth weight and, moreover, in the relationships between body weight and size (expressed as BMI1 and BMI2). There were no significant influence of sex within the different groups of treatment.
The assessment of the ADWG (Table 1) showed that CONTROL group piglets grew faster than OVERFED and UNDERFED group animals (P!0.005 and P!0.0001 respectively) from day 1 to day 21. These differences in ADWG were reflected in differences in weight, BMI1 and BMI2 at 21 days of age, when these parameters were higher for animals of the CONTROL group than in animals of the OVERFED and UNDERFED groups (P!0.05 for weight and P!0.001 for BMIs; Fig. 2 ). On the other hand, the differences between OVERFED and UNDERFED groups were not statistically significant.
From day 21 to day 28, daily growth was similar in piglets of the OVERFED and UNDERFED groups and faster in both groups than in the CONTROL group (P!0.001 for both). Therefore, at 28 days of age, the piglets of the CONTROL and OVERFED groups were similar in weight. However, both groups still remained heavier than animals of the UNDERFED groups (P!0.05). The values for BMI1 were similar among the three groups; however, trunk volume was smaller for piglets in the OVERFED and UNDERFED groups than in piglets of the CONTROL group (P!0.05 for both); thus, values for BMI2 were similar for the animals of the OVERFED and UNDERFED groups and significantly higher in both groups than in piglets of the CONTROL group (P!0.001).
The effects of sex were mainly detected within treatments. Males of the CONTROL group had higher postnatal ADWG and, thus, they were significantly heavier and larger than their female littermates at 21 and 28 days of age (P!0.05). Conversely, there were no differences in these values between males and females of the UNDERFED group, neither at 21 nor 28 days of age. Thus, the males of the UNDERFED group were smaller (P!0.01) and lighter (P!0.05) than their male counterparts of the CONTROL and OVERFED groups, but their female littermates were similar to females of the CONTROL and OVERFED groups. Finally, in the OVERFED group, there was no significant effect of the sex at day 21, but males had a higher ADWG between 21 and 28 days (P!0.01) and, thus, a higher weight at day 28 (P!0.05). 
Morphological features at weaning
At weaning (28 days of age), the weight and size of the carcass and head in piglets of the OVERFED and CONTROL groups were similar, in agreement with the entire-body results; carcasses and heads of males were heavier than those of female littermates in both groups (Table 2 ). The males of the UNDERFED group had lower weights of the carcass (P!0.05), but not of the head, and smaller trunk volumes (P!0.01) than males of the CONTROL group. These differences were not significant The absolute weights of some large viscerae were overall lower in the UNDERFED and OVERFED groups than in the CONTROL group. It is important to highlight that the absolute weight of the liver was higher in piglets of the CONTROL group when compared with animals of the OVERFED and UNDERFED groups (P!0.0005 and P!0.01 respectively), independently from sex. Conversely, the relative weight of liver/viscerae was higher in both the OVERFED and UNDERFED groups than in the CONTROL group (P!0.05 and P!0.0001 respectively).
The OVERFED group also exhibited lower relative intestine/total viscerae and total viscerae/entire body weights than the UNDERFED group due to a lower absolute weight of the intestine (P!0.05 for all the values); these weights and ratios were also numerically lower than those for the CONTROL group. Finally, animals of the OVERFED group also had lower relative adrenal glands/total viscerae weights than those of the UNDERFED and CONTROL groups (P!0.05 and P!0.005 respectively).
Metabolic features at weaning
The assessment of plasma indicies of glucose and lipid metabolism also showed significant differences Different superscripts denote statistically significant differences ( asb P!0.05; csd P!0.01; esf P!0.005; gsh P!0.001; isj P!0.0005; ksl P!0.0001). Different superscripts denote statistically significant differences ( asb P!0.05; csd P!0.01; esf P!0.005; gsh P!0.001; isj P!0.0005; ksl P!0.0001).
among groups (Table 3) . Overall, there were no significant differences in plasma glucose concentrations, but plasma fructosamine levels were higher in the OVERFED than in the CONTROL and UNDERFED groups (P!0.001 and P!0.05 respectively), with differences being mainly driven by higher values in females (P!0.05). On the other hand, concentrations of plasma lipids were affected by group and sex; females of the three groups had numerically higher values for all the parameters (excepting triglycerides and HDL-C in the OVERFED group), but significant differences were only found for total and LDL-C in the OVERFED group (P!0.05). The comparison among the female piglets from the three groups showed no significant differences, but males of the OVERFED group showed significantly higher plasma triglycerides concentrations than CONTROL group males (P!0.05) and significantly higher levels of total, HDL-C and LDL-C than males of both the UNDERFED and CONTROL groups (P!0.05).
Adiposity and fat composition at weaning
The amount of subcutaneous backfat depth and the content of intramuscular fat were similar in piglets of the OVERFED and UNDERFED groups and higher in both groups than in CONTROL group piglets (P!0.05 for subcutaneous fat and P!0.001 for intramuscular fat; Table 4 ). There were no significant influences of sex either in subcutaneous or intramuscular adiposity. There were also differences in fat composition among groups (Table 4 ). In brief, CONTROL group piglets had a higher proportion of SFA and a lower FA desaturation index (FADI) than OVERFED and UNDERFED group piglets (P!0.05), with no detectable effects of sex.
Tissue-characteristics of liver
Microscopic evaluation of the liver samples detected evidence of early steatohepatitis similar to type II nonalcoholic steatohepatitis (NASH) in some of the piglets (Fig. 3) . Specifically, there was evidence of steatosis (O5% of the hepatocytes) in 76.1% of the UNDERFED, 41.3% of the OVERFED (P!0.05 with UNDERFED) and 16.7% of the CONTROL group piglets (P!0.001 with UNDERFED and P!0.01 with OVERFED). The presence of steatosis reaching score 2 (O33-66% of the hepatocytes) was similar in the UNDERFED and OVERFED groups (33.3 and 20.6% respectively; P!0.005 with CONTROL for both groups). A steatosis score of 3 (severe, O66% of the hepatocytes) was found in one piglet of the UNDERFED group. On the other hand, the presence of mild inflammation was higher in animals of the OVERFED than the UNDERFED group (58.6 vs 33.3% respectively; P!0.05 between them and P!0.005 with CONTROL). Finally, there was absence of ballooning injury in all the samples. Different superscripts denote statistically significant differences ( asb P!0.05; csd P!0.01; esf P!0.005; gsh P!0.001; isj P!0.0005; ksl P!0.0001).
Discussion
The results of this study indicate the existence of transgenerational developmental programming in a swine model of thrifty genotype, leptin resistance and obesity which modifies growth patterns, adiposity and lipid profiles of the second generation of descendants at such early stages as during suckling. These changes are the results of an interaction between sex of the individual and type of nutritional challenge of its ancestors (deficiency or excess). In brief, the results of our previous studies (Gonzalez-Bulnes et al. 2012, Barbero et al. 2013 , Ovilo et al. 2014 indicated that the first generation of female descendants from sows exposed to nutritional programming, both by deficiency and excess, displayed accelerated early-postnatal growth from the very first days of life, reaching weights similar to their male littermates during the lactation period. The transition from lactation to solid diet was characterised by a higher weight gain in both male and female progeny of sows exposed to either excess or deficiency these finally having higher weight and adiposity than their control counterparts, as well as altered fatty acid metabolism. This effect was more evident in male offspring of sows exposed to overnutrition, which also indicated increased concentrations of plasma lipids.
The results of the current study indicated that the second generation of descendants of females exposed to nutritional challenges during pregnancy (both deficiency and excess; designated previously as UNDERFED and OVERFED groups, respectively) exhibited a higher body size than the animals of the CONTROL group during prenatal development and at birth. However, this pattern was not related to a higher birth weight or a higher growth rate in the first days of life, which resembles the results from previous studies carried out on the first generation of Iberian pigs exposed to prenatal programming (Barbero et al. 2013) . Our findings are in agreement with those of previous studies which indicate that, in pigs, growth and maturation of foetuses are markedly determined during the last few days of gestation (McPherson et al. 2004 , Foxcroft et al. 2006 , Lin et al. 2012 , even more in antique breeds such as Iberian swine (Charneca et al. 2010) . This ability to modulate terminal foetal growth may explain the lack of differences among newborns programmed either by nutritional excesses or deficiencies and nonchallenged (Ravelli et al. 1976 , Roseboom et al. 2001 .
Conversely, males and females of the CONTROL group grew faster than their counterparts in the UNDERFED and OVERFED groups during the first 21 days of lactation, which is the usual date for weaning piglets under intensive conditions. Possible critical points for these differences in favour of the CONTROL group may be a lower quantity or quality of milk in the sows that were exposed to nutritional challenges during their foetal development (because such characteristics are highly influenced by nutritional and metabolic cues in all mammals; Shingfield et al. 2013 ), a lower capacity of the neonates for endogenous glucose production (which is critical for adequate early-postnatal development; Hammon et al. 2012 ) and/or a lower ability of the offspring to absorb and utilize milk nutrients (in a way similar to first generations of nutritionally programmed piglets; D'Inca et al. 2011). It is not possible to check these hypotheses under the conditions of this study, but our results pave the way for future studies focused on both animal production and biomedicine.
In this study, the piglets were weaned at 28 days of age, accordingly to the traditional management of the Iberian breed. The objective of this practice is to allow the suckling of the piglets during the initiation of solid diet and, therefore, to increase their performance during this transition period. In fact, the combination of milk and solid food favours temporary overfeeding of the piglets. In the current experiment, this situation induced higher weight gains in piglets of the UNDERFED and OVERFED groups of both sexes when compared with their CONTROL group counterparts. However, these higher weight gains were not accompanied by equivalent increases in body size; piglets of the UNDERFED and OVERFED groups were smaller and therefore had higher BMI2 than CONTROL group piglets at weaning. At that moment, there was also a higher content of intramuscular fat in both groups than in CONTROL group animals. Altogether, these data provided evidence of a trend towards early-postnatal obesity in the progeny of nutritionally challenged sows.
The composition of the intramuscular fat in animals of both groups was different when compared with animals in the control group, indicating an altered fatty acid metabolism. The essential finding was that piglets in the UNDERFED and OVERFED groups exhibited a higher fatty acid DI, a potential biomarker of metabolic risk (Warensjö et al. 2006 , Yee et al. 2012 , than CONTROL group piglets. The DI indicates the activity of fatty acids desaturases (mainly of the stearoyl-CoA desaturase enzyme 1; SCD1). Thus, increased SCD1 activity is indicative of enhanced lipogenesis and a trend towards obesity and metabolic disorders (Attie et al. 2002 , Hulver et al. 2005 , Poudyal & Brown 2011 . Specifically, a low content of stearic acid and/or a high content of palmitoleic acid (the precursor and product of SCD1 activity respectively), as in our study, are considered markers of abdominal adiposity, triglyceridaemia and insulin dysregulation (Paillard et al. 2008 , Caron-Jobin et al. 2012 .
Concomitantly, the relative weight of the liver was higher in the descendants of prenatally programmed sows. The development of the liver is critical for enhancing hepatic glucogenic capacity during the nutritional transition from a continuous maternal supply of nutrients via the placenta to a more intermittent supply from the milk via the intestine after birth (Shelley 1961 , Dawkins 1966 , Trahair & Sangild 1997 and, therefore, adequate liver development favours postnatal growth (Antipatis et al. 2000) . It has been described that foetuses undergoing adverse nutritional conditions have a faster liver development through a 'liver-sparing effect' (Haugen et al. 2005) . Therefore, our finding may be a transgenerational effect, supported by the concomitant findings of lower weights of intestine and adrenal glands. However, under the conditions reported in this study, we cannot state whether the liver enlargement was established during prenatal development, or at postnatal stages, in addition to the aforementioned changes in fat distribution and fatty acid metabolism. In this last case, the increase in the relative liver weight may be the earlier symptom of a liver disorder; paediatric non-alcoholic fatty liver disease (NAFLD; Fishbein et al. 2005 Fishbein et al. , 2006 . Paediatric NAFLD is increasingly being detected in obese children and linked with metabolic syndrome and insulin resistance (Sundaram et al. 2009 ); especially, in developing countries such as Brazil, China, Middle Eastern countries and India (Suano de Souza et al. 2008 , Meng et al. 2011 , El-Koofy et al. 2012 , Bramlage et al. 2013 . In any case, our current results are paving the way for further studies whereby swine, and specifically Iberian swine, serve as an amenable model.
Thus, results of this study indicate that the exposure of Iberian pigs to undernutrition or overnutrition during pregnancy induces transgenerational effects that make the subsequent generations more prone to adiposity and metabolic disorders. Moreover, our previous and current results (Barbero et al. 2013) indicate that, in both the first and second generation, these alterations may be stronger in the case of exposure to an excess of nutrients and, specially, in male offspring.
The piglets of the OVERFED group in the present trial, both males and females, had a higher amount of subcutaneous fat and a higher plasma fructosamine levels compared with their counterparts in both the CONTROL and UNDERFED groups. Plasma concentration of fructosamine indicates the amount of glycated protein and is considered a good index of glucose levels over a preceding period of 2-3 weeks; in our particular case of suckling piglets, this parameter may be even more reliable that a single-point glucose determination. Thus, these results would indicate a certain impairment of glucose regulation, possibly related to increases in fat-content because adiposity increases insulin resistance in human young individuals (Elder et al. 2006 , Scheen 2010 .
The features evidencing early-life metabolic disorders were more evident, as aforementioned, in males of the OVERFED group. These piglets grew faster than their female littermates and the other males during the period of transition to solid feeding (21-28 days), but the critical finding is that they exhibited a higher plasma concentration of triglycerides and cholesterol than the males of the other groups. Plasma lipid content at earlylife stages is related to genetics, food intake patterns and adiposity (Vobecky et al. 1979 , Ward et al. 1980 ). An increase in triglyceridaemia is the primary lipid abnormality of obesity in childhood, being considered a precocious biomarker of impaired glucose tolerance, metabolic syndrome and later diabetes (Koyama et al. 1997 , Slyper 1998 , Kwiterovich 2008 . The second lipid abnormality is hypercholesterolaemia, which evolves to dyslipidaemia (enlarged triglyceridaemia and cholesterolaemia with low HDL-C ratio) at more advanced stages of metabolic syndrome and diabetes (Temelkova-Kurktschiev & Hanefeld 2004 , Nesto 2005 ; however, we conjecture that the piglets used in the current study are too young to develop such symptoms.
The data providing evidence of higher plasma contents of triglycerides and cholesterol in the current study are also remarkable because hypertriglyceridaemia is usually found in paediatric NAFLD; in some cases, concomitantly with hypercholesterolaemia (Roberts 2005 , El-Kabbany et al. 2013 . Therefore, these results support the previous evidence of the initial stages of NAFLD in the progeny of nutritionally challenged Iberian sows. The results of the histopathological evaluation of the liver tissue were definitive for establishing the presence of NAFLD in some of the piglets. Evidence was found of early steatohepatitis similar to type II NASH, which is the most usual in paediatric NAFLD (Schwimmer et al. 2005) . Occurrence of NAFLD after prenatal programming has been previously found in male mice and not in female mice, but in the first generation and during adulthood (Pruis et al. 2014) , which supports the susceptibility of the Iberian pigs to changes in nutritional and metabolic status.
In conclusion, this study has yielded evidence supporting transgenerational developmental programming in a swine model of thrifty genotype and leptin resistance. These phenotypic changes may be the result of the interaction between genotypic characteristics of leptin resistance and developmental programming, because mutation of the leptin receptor may influence the response to the maternal environment. The consequences, determined by the sex of the individual and the type of nutritional challenge of its ancestors (deficiency or excess), were evident at such early stages as during lactation and transition to solid diets, with higher adiposity and disturbances compatible with the early prodrome of metabolic syndrome and paediatric liver disease being triggered. These findings provide the basis for future translational studies on the interaction between genetic and environmental factors in the determination of the adult phenotype, which are of paramount importance for understanding and preventing the rise of obesity and associated non-communicable diseases in human populations with a thrifty genotype and leptin resistance.
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